Two flood events, which were due to short-time heavy rainstorms, hit the downtown of Fukuoka City in Japan in 1999 and 2003. The Mikasa River in this city overflowed its banks, and then the overflowing water moved down the roads to the railroad station, called 'Hakata-eki'. This area is a dense downtown with many office buildings and underground spaces utilized for restaurants, parking garages, shopping malls and a subway station. The flooding water inundated the basements of many buildings and the other underground spaces. The purpose of the present study is to develop an inundation risk assessment method for underground spaces. Firstly, two types of underground spaces near the 'Hakataeki' railroad station can be distinguished; one is a small-scale underground space utilized for restaurants and parking garages, and the other is a large-scale underground space for a subway station and shopping malls. Secondly, the floodwater behaviour within the two types of underground spaces is simulated. Finally, on the basis of the simulation, a method for risk assessment of inundation of underground spaces due to a flood event is proposed.
Introduction
shows the situation of the 1999 flood event and the positions of entrances of the underground spaces utilized for parking garages, restaurants, shopping malls and a subway station. The number of inundated underground spaces was 23. The outline of inundation of the underground spaces is as follows: (1) A building near Position A had a steel barrier installed at the entrance of the underground parking garage to prevent flooding water from entering the garage. Although it was 40 cm high, flooding water overflowed the barrier and inundated the garage. The amount of inundation water was 1,995 m 3 . (2) The subway station is in the underground of the 'Hakata-eki' railroad station. The immediate vicinity of Position C (the east side of 'Hakata-eki' railroad station) has five entrances to the subway station; they are called 'Entrance 12', 'Entrance 13', 'Entrance 14', 'Entrance 15' and 'Entrance 17'. Flooding water began to enter 'Entrance 17' at 10:42 a.m., and then the other entrances at 11:00 a.m. As a result, water volume of about 2,000 m 3 flowed into the subway station. Situation of the 1999 flood event and the location of the underground spaces in the flood area (after the work of Hashimoto et al. [1] ).
Investigation into underground spaces after the 1999 flood event
We investigated the use, entrances, and areas of underground spaces from June 25, 2002 to February 8, 2003 . Their inundation depth and volume due to the 1999 flood event were also examined. Figure 2 shows the use of the inundated underground spaces. There were mainly 15 parking garages and eight restaurants in the flood area. Figures 3-5 show the characteristics of the entrances of inundated underground spaces. The entrances of underground spaces have two types of floor: one is step and the other is slope ( figure 3 ). The floor of 16 entrances is step and that of 14 entrances is slope. The former is for restaurants and the latter for parking garages. Figure 4 shows the scale of entrances of the underground spaces. We find that there are many underground spaces with their narrow entrances such that 2 m > W > 1 m. Here W indicates the width of the entrances. The use of these underground spaces is restaurants. The use of the underground spaces with their wider entrances such that W > 4 m is parking garages. Figure 5 shows the slope angle of the entrance floors of the underground spaces. enters the restaurants. The underground spaces with entrances wider than the value of 4 m are parking garages. Figure 6 shows the floor area of the underground spaces. We find that the floor area of the inundated underground spaces ranges from 90 m 2 to 1,710 m 2 . The underground spaces with a floor area larger than 1,000 m 2 are parking garages. Figure 11 shows the number of inundated underground spaces versus their inundation water depth. We can see three groups of inundated underground spaces: the first one is underground spaces with an inundation depth smaller than 
Inundation analysis of underground spaces during a flood event
Underground spaces are divided into two kinds: one is a small-scale underground space utilized for restaurants or parking garages in each building and the other is a large-scale underground space for a subway station or shopping mall. In this section, the index of hazard of inundation is proposed for each kind of underground space. Inundation volume and time for filling the small-scale underground space with water are computed for time-varying flood flow depth at the entrances on the ground level. The flow velocity and discharge in the large-scale underground space are computed for time varying flood flow depth at the entrances. The flood flow depth at the entrances on the ground level is evaluated by application of the two-dimensional urban flood simulation model to the flood event in 1999 [2, 3] . Figure 12 shows time-varying flood flow depth at the entrance of parking garage in the basement of a building at Position A (figure 1). In the 1999 flood event, Number this parking garage had the steel barrier 40 cm high installed at the entrance. The observation showed that flooding water on the road overflowed the steel barrier at 10:25 on June 29, 1999. On the other hand, the calculation shows that the overflow began at 10:30. We can see the agreement between the observation and the calculation of the initial time of the overflow. Figure 13 shows time variation of inundation water volume of the parking garage. The calculated value of 1742 m 3 almost agrees with the observed value of 1995 m 3 . Considering the area of the parking garage to be 739 m 2 , the calculated and observed inundation water depth is 2.36 m and 2.70 m, respectively. It takes 83 minutes for water surface level to increase to height of 2.36 m in the parking garage. These results are summarized in Table 1 .
Inundation analysis of small-scale underground spaces
We can see that inflow water volume, inflow discharge and inflow time for filling the underground space with the floodwater are important parameters for the flood risk assessment of small-scale underground spaces. the subway station. During the flood event, barriers, such as sandbags and steel barriers, were laid at the entrances to prevent flooding water from entering the subway station. However, we have no information about the height of the barriers. Therefore, we assume the barriers 50 cm high in this analysis. Flood flow depth at each entrance of the subway station can be evaluated by application of the two-dimensional urban flood simulation model [2, 3] to the 1999 flood event ( figure 14) . The flow velocity at each entrance is evaluated by the control section concept. Considering the barriers 50 cm high, we can estimate overflow discharge at each entrance and integrate the overflow discharge with respect to time. The results are shown in Table 2 . We can find that water flooding in the subway station is from Entrances 15 and 17. Entrance 17 is the most dangerous one and Entrance 15 is the second one of all the subway entrances. Investigation into the underground spaces after the 2003 flood event showed that flooding water overflowed the steel barrier 45 cm high at Entrances 15 and 17.
Therefore, we analyze the behaviour of inflow water from Entrance 17 on the ground level. The subway station called 'Chikatetsu-Hakata-eki' has several parts, such as passage, ticket checker and platform. For the flood flow analysis, the subway station can be divided into three parts. The first one consists of the entrance on the ground level, stairway and passage. The second one, the west part from Position D in the passage, consists of the open space, ticket checker and stairway to the platform (figure 15). Finally, the third one is the platform. Therefore, one-dimensional flood flow analysis is made for the first part and two-dimensional flood flow analysis can be made for the second part (the west one from the Position D). The calculation is made for the period from 10:00 a.m. to 1:00 p.m. on June 29, 1999.
The flood flow along the first part can be treated as one-dimensional unsteady flow. Flood flow discharge Q and depth h are unknown variables. Initial condition of the part is dry. Flow discharge and depth as the boundary condition are given at Entrance 17; flow discharge can be evaluated from the critical condition of Froude number = 1.0 by using the flow depth (figure 14). We can see that flood flow depth and velocity at any position are important parameters for the flood risk assessment of large-scale underground spaces.
Conclusions
The results obtained in this study are as follows: (1) Two types of underground spaces can be distinguished; one is small-scale underground space utilized for restaurants and parking garages, and the other is large-scale underground space for a subway station and shopping malls. 
